Histoautoradiography was done to evaluate cell turnover by measuring levels of DNA synthesis in the different anatomic areas of the kidney in aging (76 to 103 weeks of age) female F344/NCr rats after injection of tritiated thymidine (3H-thymidine). All areas showed increased 3H-thymidine labeling indices (LI), including cortical and medullary tubules and interstitium. The extent of increase was directly correlated with increasing seventy of the nephropathy. Atrophic, degenerative, and hyperplastic cortical tubules in areas of nephropathy had LI eight to nine times greater than nonaffected areas and more normal kidneys. These observations suggest that the hyperplastic responses of renal tubules to the unknown etiologic agents of aging nephropathy may be similar to those of tubules responding to chemical toxins.
Age-related renal lesions are common in rats, especially Sprague-Dawley and F344 stocks or strains. I3, I4 Aging nephropathy12 has been given a wide variety of names including chronic progressive n e p h r o~i s ,~~J~,~' spontaneous or chronic n e p h r o~i s ,~,~~ progressive glomer~lonephrosis,~~~ glomerulosclerosis,lOJL protein overload nephropathy,21 and old rat nephropathy. l4 Although these synonyms have all been assigned in efforts to describe the lesions, the etiology and pathogenesis of aging nephropathy are still unclear and remain controversial.
The common histological findings of aging nephropathy are the thickening of glomerular, Bowman's capsular, and proximal tubular basement membranes. In more advanced lesions, proteinaceous casts in the tubules and hyperplastic and degenerative changes of the proximal tubules are found. Some papers have reported on renal tubular cell cycle kinetics in chemically induced nephrotoxicity, based on levels of DNA synthesis that were determined using 3H-thymidine aut o r a d i~g r a p h y ,~~~~~~~~ but there is only one report of similar findings in aging nephr~pathy.~~ This study characterizes rates of DNA synthesis in different anatomic areas of the kidney in aging rats and correlates these rates with the lesions of aging nephropathy.
Materials and Methods

Animals
Thirty-one retired breeder female F344/NCr rats were obtained at 8 to 10 months of age from the NCI-FCRF Animal Production Area, Frederick, Maryland. They were distributed three to four per cage and maintained in specific pathogen-free conditions at 22-26 C with 50 f 10% relative humidity for up to 103 weeks of age. A basal diet (Wayne Lab Blox, Allied Mills, Inc., Chicago, IL) and water were given ad libitum.
Autoradiography
At 76 weeks of age (five rats), 80 weeks (1 1 rats), 89 weeks (eight rats), or 103 weeks (seven rats), the rats were given a single intraperitoneal injection of 0.1 mCi of 3H-thymidine per 100 g body weight (DUPONT NEN Research Products, Boston, MA) and killed 1 hour later. These rats were part of an experiment on hepatic lesions in aging Kidneys were fixed in 10% neutral buffered formalin, and longitudinal slices through the midline were embedded in paraffin and sectioned at 4-6 pm. Autoradiographs were prepared by a dipping technique with Kodak NTB 2 emulsion (Eastman Kodak Co., Rochester, NY). Sections were stored dry at 0-4 C in the dark. After 4 weeks of exposure they were developed with Kodak D-19 and post-stained through the emulsion with hematoxylin and eosin (HE).
Evaluation of labeling index
Autoradiographic evaluation by light microscopy was done to quantify labeled cells (>seven graidnucleus) per mm2 in each anatomic area of the kidney. The kidney was divided into four areas: (a) cortical tubules; (b) cortical interstitial tissue composed of renal interstitial cells, fibroblasts, and capillary endothelium; (c) medullary tubules; and (d) medullary interstitial tissue. Fields in each area were scanned and counted five times at a magnification of 250 x , and an average was calculated. The parametric equivalent of Dunnett's test, which is based on the Kruskal-Wallis rank sums, was done for comparing significances of differences in renal labeling indices.'* Histopathology Classification systems for degrees of aging nephropathy in rats have previously been d e s~r i b e d~,~J~ and are based on characteristics of the lesions and extent of renal involvement. We used the following criteria: Grade 0-no lesions or minimal scattered tubular lesions; Grade 1 -kidneys had focal thickened glomerular capillary basement membranes and slight mesangial thickening in some glomeruli, and basement membranes of a few cortical tubules were thickened; Grade 2-kidneys had more multifocal areas of scattered dilated tubules lined by atrophic epithelium with thickened basement membranes with occasional hyaline casts; Grade 3glomerular and tubular lesions were more pronounced with atrophy and sclerosis of capillary tufts, thickening of Bowman's capsule, lymphocyte infiltration, and mild interstitial fibrosis; and Grade 4-kidneys had adhesions of glomerular tufts to Bowman's capsule, marked tubular dilatation with proteinaceous casts, more marked lymphocyte infiltration, and interstitial fibrosis. Tubular lesions were diffuse.
Results
Kidneys with higher proportions of labeled cells usually had more severe nephropathy, except at the end stage ( Figs. 1-4) . Labeled tubules included those with vacuolar degenerative changes and thickening of basement membranes, and both atrophic and hyperplastic tubules. The evaluation of cell turnover in the kidneys of aging rats was shown as the number of 3H-thymidine-labeled cells per mm2. No significant age-associated changes were seen at the ages studied (76 to 103 weeks) (Table 1 ). In general, the highest numbers of labeled cells were seen in cortical tubules and with advancing age. The number of 3H-thymidine-labeled cells in the whole kidney were recorded according to the degree of nephropathy (Table 2 ). Increased labeling indices (LI) in each area were found with advanced nephropathy, except for the two rats with Grade 4, possibly due to the severe degree of nephropathy, i.e., degenerative epithelial changes, necrotic tubules, and interstitial fibrosis. Counting the labeled cells only in the nephropathy-affected areas, especially in zones of regenerative and hyperplastic tubules, revealed an increased LI highly associated with the greater degree of nephropathy ( Table 3 ). In particular, markedly increased LI in Grade 4 kidneys were found to be approximately nine times higher than that in the cortical tubules of Grade 0. Although significant differences were found in all renal areas and all degrees of nephropathy, higher LI were primarily in the cortical tubules.
Discussion
Although there are several autoradiographic studies of rat ludneys in toxicology and chemical carcinogenesis,26,29 few such reports are available on the aging nephropathy of rats. 27 In the latter study findings were similar to those in our
In the present study labeling indices (LI) in the cortical tubules, which represented the mean cell turnover rate for the entire P, and P, and portions of the P, segments of the proximal tubules, distal tubules, and collecting ducts, were higher than those of other areas. IKterstitial labeling appears to include fibroblasts, interstitial cells, and inflammatory cells. Moreover, LI in focal nephropathic areas were also higher than those in the whole kidney. In addition to the fact that the distribution of nephro- pathic changes tended to be focal, and the cortical tubules were not so uniformly affected as in diffuse toxic tubular injury,I4 these observations revealed that hyperplastic tubules were the greatest in number in Grade 3 nephropathy. These findings of persistent changes in levels of DNA synthesis suggest continuing exposure to an etiologic agent, perhaps specific dietary proteins. Aging nephropathy in male F344 rats was markedly retarded by replacing a casein-containing diet with a soy protein diet. 19.20 It is well known that aging nephropathy in rats can be influenced by genetic fact o r~,~,~J~J~,~~ sex predisp~sition,~.~JO testosterone,22 thyroxin and adrenal hormones,' dietary protein,'8,21 unilateral nephrectomy and irradiation,11.21 and most Regardless of all efforts and studies, the mechanisms of aging nephropathy are still unclear. Hypotheses to explain the pathogenesis of the disease include: 1) tubular damage causes the aging nephropathy; and 2) glomerular damage results in secondary tubular change^.^ In an early report, the tubules were identified as the first site of damage by the criteria of increased tubular mitotic figures and increased 3H-thymidine uptake. 27 Recent studies on the basis of ultrastructural and immunological findings, however, have supported the concept of the unit nephron pathogenesis of aging n e p h r~p a t h y . '~, '~, '~
The primary lesion appears by ultrastructural studies to occur at the level of the renal c0rpusc1e.l~ Observations of early stages of the disease suggest that lesions begin in an individual nephron. Furthermore, there are close correlations between aging and glomerular pathology, but only a poor correlation between aging and tubular damage.5 It was considered that the primary glomerular lesions can lead to tubular injury with development of hyperplastic regenerative tubules.
The major site of increased cell proliferation after some chemically induced toxic renal lesions was shown to be the outer stripe of the outer medulla, or the P, segment of the proximal tubules in male rats. 26 The pathogenesis of hyperplasia in tubules of aging ne-importantly, aging.2,4,5,8.9.12.14,'5,17,27 phropathy seems to differ from that of chemically induced tubular hyperplasia, although we did not study male rats. In some cases of chemically induced chronic renal toxicity with hyperplasia, the hyperplasia is associated with carcinogenesis in rats,26 while in spontaneous nephropathy of rats, spontaneous renal epithelial tumors are ~a r e .~, '~ It must be noted, however, that male rats generally have more severe nephropathy than females, have more spontaneous renal tumors, and may be more susceptible to renal toxins and carcinogens. Females are affected with these processes qualitatively the same but not quantitatively. In contrast, the hyperplastic tubules may increase the susceptibility of the kidney to naturally occurring carcinogens or tumor promoters.28 In a study of increased susceptibility of the kidney to a renal carcinogen, N-4-(4'-fluorobiphenyl)acetamide, older rats developed more renal tumors than young rats. 23 The hyperplasia of aging nephropathy may serve as a promoter of chemically induced renal carcinogenesis. The spontaneous rate of renal neoplasia, although low, may also be related to this hyperplasia.
